Summary. The simulation of seismic sources and the interaction o f the resulting elastic waves and topography is discussed for an explosive source in a half-space and in a half-space containing a slot or a step using the finite difference method. Displacement fields (numerical visualisations), synthetic seismograms, relative intensities and wave spectral analyses are the main data produced.
Introduction
For seismic problems such as an investigation of the displacements caused by a point or a line source, analytical solutions are available only in some simple cases. These available analytical solutions hardly face the challenge of most practical investigations, such as the calculation of the displacements in a half-space containing a rift valley or a slot on the surface. The problem is particularly difficult in the mid-frequency region where feature dimensions are of the order of the wavelengths involved. Therefore, people have t o resort to the use of some approximate numerical methods, the finite difference method being one of them. The finite difference method was first used t o treat seismic problems by Alterman & Karal (1968) and since then it has been receiving increasing attention from people working in various fields including electronics, ultrasonics and non-destructive testing. In the 1970's many papers were published which contributed t o the development of the technique itself including the formulations for the 'nodes' used for problems including a free surface, a quarter and a three-quarter space, as well as consideration of the necessary stability conditions, (e.g. Ilan 1975 Ilan , 1978 . The finite difference method is now being widely applied to research on elastic and acoustic wave propagation. Ilan, Bond & Spivack (1979) ; source mechanisms, Aboudi (1971) ; crack propagation, Shmuely & Per1 (1980) ; and ultrasonic NDT, Bond (1983) . The method is also suitable for far field investigations and has been 732 employed extensively for these and an example of such a study, applied t o Rayleigh and Lamb waves is given by Georgiou & Bond (1985) . A survey of the numerical methods used f o r computing synthetic seismograms has recently been published and their relative strengths a n d weaknesses considered (Chin, Hedstrorn, Thigpen 1984) . The finite difference method is found to be able to solve some problems for which other methods, such as the lay methods and the perturbation methods, fail either partly or completely. Compared with other numerical modelling techniques. the finite difference method has the advantages of being easy to programme and demands less computing time than many other methods and it also has an outstanding ability to handle problems in which the dimensions of the structure o f interest are comparable with the wavelengths involved. Therefore, it provides a method which can given an insight into both near-field and far-field wave scattering, diffraction and mode-conversion phenomena. It can also disclose the dynamical response of structure under the impact of seismic waves. Recently a variety of problems involving the interaction of seismic waves with local topography have been studied by means of the finite difference method. This paper reports on this investigation and considers both seismic source simulation and wave diffraction by simple topographies.
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Finite difference method T H 1 : B A S I C I~. Q U A T I O N S
In a homogeneous, isotropic, elastic medium, without body forces the equation of motion for wave propagation takes the form: az u a t 2
where U is a displacement vector, A, p are the Lam6 constants, p is the density of the medium, and t is time. With appropriate boundary conditions and initial conditions, ( I ) can be solved t o give a complete description of the wave field.
In order t o use the finite difference method, the space under consideration is discretized using a grid of nodes in a Cartesian coordinate system. The set of displacements a t the nodes then gves the complete displacement wave field at a particular moment in time. By substituting second order difference formulations for the derivatives in (1) a three-level, explicit difference scheme is produced for body nodes. It combines displacements at two time levels to give displacements at a future time. The boundary conditions can be treated in a similar way. such that the displacements on the boundary can be obtained from the combination of displacements a t body and surface nodes. A summary of the sources of the formulations used in this study is given in Table 1 . By use of the formulations t o be found in the references given in Table I , once the displacement fields a t time steps ( k -1) and k are determined from initial calculations, the displacement field at a future step, ( k + I ) , can be calculated. Consequently the whole displacement field at any time step of interest can be obtained and this is illustrated by Fig. 1 , where the '+' symbols indicate nodes whose displacements a t time steps k or ( k -1) are used to calculate displacements a t the node indicated by 'x' at step ( k + 1 ) . This example illustrates the basic concepts of the finite difference method as used for wave propagation problems.
For the case of a source problem, which requires that the medium is quiescent before the action of a source and is stimulated by a body source, a non-homogeneous equation is involved, and the equation of motion becomes a2 u
where F is the body force (vector) per unit mass and the other parameters are as for (I).
Similarly, if the source takes the form of a surface stress, it can be taken into account in the stress boundary condition employed, and thus this type of source problem can also be solved by the finite difference method.
In general, the source can be any kind of reasonably smooth function of the form:
where S(x, y , z ) is the source distribution over the space and T(t) defines the temporal behaviour. Both Delta functions and Heaviside step functions are commonly used in theoretical work. In order t o avoid physical and numerical singularities, smoothed functions, which remove high-frequency components, are employed in finite difference models. It is worth noting that as distinct from far-field wave propagation problems, where displacements at only first two steps are needed, for a source problem it is necessary t o consider the driving force for its whole duration in the T ( t ) term in the function used.
Accuracy and stability
The topic of the accuracy and stability has been considered by several authors and general guidelines can be established which ensure model stability (Bond 1978) . More recently the advancages and disadvantages of various methods, including the finite difference method have been reviewed by Chin et al. (1984) , and particular attention paid t o problems of artificial model induced grid dispersion. The primary consideration in ensuring a n accurate model is the number of nodes per wavelength at all significant frequencies in the pulses involved. It has been shown by Alford ef al. (1974) that for a second order formulation, such as that for the body node, a minimum of ten nodes per wavelength at the upper half power point in the spectrum is required if non-dispersive propagation is t o be achieved.
When the number of nodes pet-wavelength has been defined the time increment is selected by the use of the vun Neurnann stability criterion. h where s and h are increments in time and space respectively and V, and V, are compressive and shear wave velocities.
This inequality provides an accurate bound outside which the whole scheme has a tendency t o go unstable, and if this occurs it is termed gross instability. Using the inequality t o set the limit to the sib ratio, in this study and that by Ilan & Loewenthal(1976) , values o f 90 per cent of the limit value have been used: it is then found that it is the boundary condition formulation which set the stability limit within the von Neumann limit for which the scheme will give accurate results. Of particular importance is the effect of the corner node approximations o n the stability of the scheme, and the instability that grows from a poor boundary condition formulation is known as local instability. Such instability may be reduced or removed by reformulation of the finite difference approximations, used for a particular boundary node, and this has been considered for the 90" corner by llan (1978), but it is never possible to produce a scheme for a boundary node that has a larger range of stability than given b y the von Neumann limit for a body node. The practical test for stability and accuracy of a scheme of difference forms for differential equations is provided by Lax's equivalence theorem which states that given a properly posed initial-value problem and a finite difference approximation to it that satisfies the consistency condition, stability is the necessary and sufficient condition for convergence, (Richtmeyer & Morton 1967) in that a reduction of grid increment should cause the result for a stable scheme t o converge t o the correct result.
The range of stability for various boundary nodes has been investigated further by Loewenthal (1976) and llan (1978) . For the formulations used in this study, a lower limit t o the range o f stability values for If,/V, is always less than 0.35, which corresponds t o Poisson's ratio material up to about u -0 . 4 0 . In this study, Poisson's ratio value u = 0.25 material was used.
To measure the accuracy of wave propagation the wave velocities were checked and it is found that the finite difference model velocities and 'the expected values defined for the media are in agreement to better than 2 1 per cent. In other studies with the same formulations where displacements have been propagated in non-dispersive media and compared agreement has always been significantly better than 22.5 per cent (e.g. Bond 1978) .
Source simulation A method which enables source problems t o be studied is attractive in a number of respects. Such a method can not only simulate practical source phenomena in seismology, rock The fi'riite dijference method in seismic sirnulatioris 735 mechanics (e.g. dipole, dislocation, explosive sources, etc.), electronics and ultrasonic NDT; it can also provide insights into source mechanisrns and the dynamical response of structures.
A source can be described in a diverse range of mathematical forms; such as a displacement potential for a body source, as used by Alterman & Ahoudi (1970) , and the displacement boundary condition in the impact problerns discussed by Aboudi (1978) . It has been shown by Alterman and others that the representation of the source as a force has the advantages of being more flexible and it is then easier to incorporate it into a numerical 'model. A source defined as a force can also be located on a surface or an interface or even within a heterogeneous medium, thus enabling one to solve these problems more efficiently. This is in contrast t o the representation of a source ds a displacement potential, which can only be placed at a considerable distance from a surface.
When a surface stress, which is distributed uniformly as a strip over the surface froin x = -a to x = a and varies with time as a sinusoidal function f(t) -sin at, is applied to the surface of a half-space, this corresponds t o an infinite rectangular strip transducer located on the surface (Harumi, Saito & Fujimore 1979) . From symmetry the system reduces to a problem in two spatial dimensions and time.
The boundary conditions at the free surface along z = 0 are: u,,=f'(r) for IxI4a O < t < T and u,, = 0 for t > T at any x, or for / x I > a at any t where T is the period of the sinusoidal function and uzz is the normal stress.
By specifying a spatial increment h = a/8 and a time increment s = T/24, which are within the bounds set by stability limits, the displacement field can be obtained as shown in Fig. 2 . Fig. 2(b) shows the main plane wave caused by the source and Fig. 2(d) the whole displacement field after 3.8 cycles, which consists of a primary compression plane wave and also a combination of compression, shear and Rayleigh waves which emanate from the edges of the source. The shear waves are characterised by circular shapes centering on the strip edges, which illustrates how the strip edge acts as a source of both coinpression and shear waves. Two pairs of surface waves can also be seen to be generated at the strip edges. If the development of the displacement field is investigated step by step in time it is found that the centre line displacements initially increase with the increase of the source function. The source reaches its maximum at t = T/4 (time step 6) and it then drops t o zero at t = T / 2 , however the surhce displacement does not immediately become zero. As a result of a tensile force acting on the surface in the latter part of the source function cycle, the displacement only slowly falls t o zero and displacements with an opposite phase then occur. Fig. 3 shows the synthetic seismograms which are generated by a source with a half width u = 8 nodes and recorded at locations 1 , 2 and 3 shown in Fig. 2(a) . It is also found as expected that the spatial extent of the source strongly influences the resulting wave field. This is clearly illustrated when the seismograrns in Fig. 3 and Fig. 4 are compared, Fig. 4 M. Hong and L. J. Bond .ex.
.% The finite di'Tererice rriethod in seismic simulations 737 being the seismograms obtained at the same points as for those shown in Fig. 3 but for the case o f a narrow source with half width a = 2 nodes.
B O D Y SOU K C E
A range of body sources are possible and one such set of sources which are based on a smoothed Delta function (Aboudi 197 1) can be defined as:
Where A temporal function starting from t = 0 can take a similar form:
The functions h(x), h'(x) and g(t) defined by (6), (7) and (8) with fixed values for dx and d t are shown in Fig. 5 . The domain of the functions, where they differ from zero, is 4dx for (6) and (7) and 4dt in (8). Using various combinations of the smoothed functions shown in Fig.  5 and calculating t h e r with respect t o either space or time variables a range of source can be obtained. and this has been discussed by Aboudi (1971) . In this study the parameters used t o define the sources were
where h is the normalized space increment; ( b = 1); s is the time increment and V , is the compressive velocity of the material; (V, = 5000.0 m s-') and the Poissons' ratio is assumed to be 0.25. These parameters are also used for all subsequent sources unless specified otherwise. The coordinate system was chosen in such a way that the x-axis coincides with the free surface arid the z-axis passes downwards through the position of the centre of the source.
The first order vertical body source acting at a depth, (d), below a free surface a i l be represented by:
where F; and F, are horizontal and vertical components of the source. Fig. 6 shows seismograms for a first order vertical body source placed a t a depth d = 2 nodes. Fig. 6 (b) and (c) are horizontal and vertical displacements recorded at surface positions with horizontal distances from the source of 2.5d, IOd, 20d respectively. Fig. 6(d) shows the vertical components of displacement on the z-axis at depths of z = 13d, 23d, 33d respectively. T o confirm the validity and test the accuracy of this study the seismograms were compared with those given by Aboudi (1971) and they are found to be in good agreement. As the source is an unidirectional impulse, the displacements appear mainly as unidirectional impulses. Owing to the shallow depth of the source, the displacement seismograms observed along the z-axis at sufficient distances all appear to be quite similar. It is worth noticing that the vertical displacements caused by the first order source have not completely died away in the observing time period of 200 steps.
A second order source can be considered as a couple force without moment in the z-direction which takes the form: Fig. 7 shows seismograms for the displacements at the same observation points as those used for Fig. 6 , but for the second order body source (lo), a t the same depth. From Fig.  7(b) it is seen that the second order source is a bidirectional impulse, resulting from a stronger tensile action, which causes the vertical displacements to decay to zero more quickly. As the source intensity used for the results shown as Fig. 7 was four times as large as those shown in Fig. 6 , it is seen that under conditions which are the same in all other respects the displacements caused by the second order source are much smaller than displacements caused by the first order source.
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E X P L O S I V E S O U R C E
An explosive source can be defined by the expressions given as:
( 1 1) where all terms are as previously defined.
In order to investigate the features of this source in the frequency domain the explosive wave front at a distance of 106 was calculated using the finite difference method and the spectrum calculated by using an FFT (Fast Fourier Transform), which are shown in Fig. 8 . The jinite difyerence method in seismic simulations
One example of numerical visualisations is given as Fig. 9 which shows the displacement fields caused by a deeply-buried source ( d = 1.2L). Fig. 9(a) and (b) show the complete displacement field a t time steps 35 and 65 from which a knowledge of the propagation of an explosive wave before reflection can be gained. The two outermost circles are composed of the basic compressive wave. There is a small value displacement zone as the displacements go from positive t o negative in the compressive wave and this is seen as a white circle in the plot. It is clearly seen in the seismograms that the compressive wave has opposite phases on either side of this zone. On closer observation a reverse in the phase in the shear wave can also be identified. Once the wave impacts upon the surface, the reflection occurs and a shear wave is also generated which can be seen in Figs. 9(c) and (d) . Figure 10 shows the seismograms for the vertical displacements for the same source as Fig. 9 . The observation points are located on the z-axis at depths corresponding t o 0.2L, 0.4L, 0.6~5, 0.8L and L . When the depth of the observation point is greater than 0 . X the incident and the reflected waves are seen t o separate and it is then seen that the waveform of the reflected pulse from a free surface has a similar shape t o the incident pulse.
When the depth of the source (d) is changed from 1.2L to 0.4L, n o major change in the body wave field is obtained; however, when it is reduced from 0.2L to 0.08L the shape of the displacements along the surface changes significantly. It is found that the shallower the depth, the stronger the surface wave that is generated. Numerical visualisation of the complete wavefield caused by a shallow source (shown in Fig. 11) gives a clear view of the reflected compression wave, which in the case of a shallow source was found to overlap with the direct compression wave. In addition, the shear wave and the head waves generated at the surface are clearly seen in Fig. 1 1 . When Fig. 1 1 is compared with Fig. 9(d) it is seen that a higher energy surface wave is being generated by a shallow source, and this is not seen with deep sources. Fig. 12 shows seismograms for the same shallow source located at a depth of 0.08L. The horizontal and vertical displacements on the surface at x = 0.2L, 0.8L, 1.6L are given as Figs. 121b) and (c). Fig. 12(d) shows the seismograms of the vertical displacements recorded on the z-axis at depths of l.O4L, 1.84L and 2.641, respectively.
Wave diffraction
It is well known that when a seismic wave travelling in a medium encounters some kind of discontinuity such as a surface topography wave diffraction will occur. The relative intensity of the scattered, diffracted and mode-converted waves and their spectra are found t o differ according t o the exact nature of the discontinuity involved, in particular in relation t o the waveiength to size ratio. The visualisation of the complete wave field for the interaction between waves and a discontinuity is illuminating, particularly from the seismological point of view, where it permits investigation of the effect of topography on waves or vice versa; on all the components in the wavefield. In the study of wave interactions with topography the explosive source, which is the same as that described in the last section, was introduced into a half-space with a step or a slot on the surface. The basic geometries used are shown as Fig. 13 , where h is the depth of the slot or the step, and w the width of the slot, and the relative position of the source is specified by its depth (d) and the horizontal distance from the nearest point on the topography (1).
Figs 14(b) and (c) show the displacement fields corresponding t o a half-space with a slot on the surface. The parameters were chosen with respect t o the wavelength of the peak frequency in the spectrum as d = 0.8L, 1 = 3.32L5, w = 0.4L and h = 0.36L. From Fig. 14(b) it can be seen that following the impact of the incident wave on the near surface side of the slot, it is distorted and a combination of reflection, diffraction and mode-conversion phenomena occur. Reflected compression, shear and Rayleigh waves can all be identified in the wavefield. Fig. 1 q c ) shows that the reflected wave generated at the slot is stronger than
The finite difj/'erence method iii seismic simulations 745 time the first reflected wave reaches point 1 the disturbance caused by the previous incident wave has already died away. (ii) In order t o compare the intensities of the reflected wave with those of the diffracted wave, point 1 and point 3 are symmetrically placed with respect t o the slot,
The relative intensity of the reflected wave was defined here as the ratio of the maximum of the reflected wave t o that of the incident wave and similarly for the diffracted wave. From curve 1 and curve 3 shown in Fig. 15 the relative intensities given in Table 2 were recorded. The values for the relative intensities in Table 2 were found t o have a scatter of * 0.02 and the same is so for values given in the Tables 3 and 4. A narrow slot was then considered and Figs. 16 and 17 show the basic geometry, the displacement fields and seismograms for the same source as used t o get the results shown in Fig. 14, but combined with a narrow slot, where the width is 0.1215. The relative wave intensities seen a t the surface for this system are given in Table 3 , which shows that the vertical displacement for the reflected wave in a narrow slot is slightly larger than that in a wide slot. However, the data for both intensities are in agreement to within the measurement scatter band. Table 3 . Relative intensities of waves seen at the surface for a narrow slot with source in the position shown in Fig. 16 From a comparison between Fig. 14(c) and Fig. 16(b) it is seen that there is a shadow region o n the side of the slot remote from the source and when the width of the slot decreases the region is seen t o enlarge. However, the relationship between source position, feature dimensions and the resulting wave field is found to be complex and highly dependant on the exact combination of parameter values used, in particular the feature size t o wavelength ratio.
Using the same source as used for the slot studies and by locating it at a range of different positions comparisons were made between the waves generated at an up-step and at a downstep. Fig. 18 shows the displacement field at time step 200 for the case of a down-step with vertical displacements in the reflected wave receive the most energy from the incident wave.
In seismic wave propagation studies it has been found that spectral analysis is instructive in revealing the effects of topography, as has been reported by Crichlow (1982) . To investigate the influence of the height ( h ) of the step on wave spectra, an FFT (Fast Fourier Transform) was used to analyse the spectral components of both the incident wave and the reflected wave obtained a t point 1 and the diffracted wave a t point 3. The source was fixed a t the position shown in Fig. 18(a) modulation is introduced into both the reflected and diffracted spectra. When the step height ( h ) increases from 0.08~5 to 0.24L the amplitude of the reflected wave increases reinarkably and the spectral changes are also observed; when ( h ) is increased from 0.24~5 to 0.56L, n o further significant changes are observed in the reflected spectra. However, spectra for the diffracted waves continue t o change with the increase in (h). The spectra of the waves corresponding to the case of a deep step show stronger modulation than the spectra corresponding to a shallow step. No shift in the dominant frequency was identified from reflected horizontal displacement spectra, but there are some changes for the spectra of the reflected vertical displacements and the diffracted waves as are shown in Fig. 20 . For the cases considered, n o substantial high frequency components are seen in the reflected or diffracted waves.
The j k t e dijyerence method in seismic simulations 749 Fig. 21 shows the displacement field for the case of a shallow down-step with h/d = 0.45 caused by the same deep source as used for Fig. 18 . The reflected, diffracted and modeconverted waves all appear very clearly. This wave field includes head waves on both sides of the step. From the positions of these head waves and the focal centres of the components in the wave field it would appear that the main reflected wave is generated, as expected, by the upper (90") corner of the step, while the main diffracted wave comes from the bottom (270") corner of the step. By relocating the source relative to the position of the step it is then possible t o simulate the wave interaction with up-steps. An example of a displacement field generated a t an upstep for a shallow source is shown as Fig. 22 .
Discussion
The work reported in this paper considers two main topics; first, source simulation and secondly, specific cases of the interaction of the waves, due t o an explosive source, with step and slot topography in the near-field. In the study of source mechanism and its relationship with the resulting wave field the following points are of special importance. First, the source equivalent representation as a force and the initial time development of the source are related only to the source itself and material property in close vicinity of the source, as discussed by Burridge & Knopoff (1964) . This implies the possibility o f treating the source before encountering any discontinuity as if it were in an infinite space thus greatly simplifying the source simulation used in the finite difference method. Secondly, in the case of a pulse source in 3-D, in spite of the difference in the amplitude a single pulse of the same time-dependence as the source function can be obtained in the wave field. However, for a 2-D wave field, Achenbach (1973) justified, theoretically, that an external disturbance of finite duration would produce a persisting signal as seen in the field. These points have been confirmed in these simulations. Among the sources used the difference between a vertical source with an unidirectional pulse in vertical ( z ) direction as defined by:
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(1 2 ) in the source function and a vertical source, with a bidirectional pulse as defined by: (13) is noted. The vertical displacements with such a soul-ce as described by (12) The j'inite dijjierence method in seismic simiilations 75 1 much longer than the initial pulse as shown in Fig. 6 . In the light of the discussion of surface sources this phenomenon is not difficult to understand.
The exainples given in this study of wave-topography interaction demonstrate that the finite difference method is a powerful tool in research into wave diffraction phenomena. By changing the shape of slots and steps (rift valley and fault configurations) and the relative position of the source, as well as the source type the effect of changes in all of these parameters can be investigated and data generated on the interaction between specific sources and topography which can then be used for direct comparisons with field data.
Conclusions
The finite difference method has been shown to be efficient in solving a wide range of both wave propagation and source siniulation problems. Its outstanding ability is that it provides an insight into near-field scattering, it1 particular in the mid-frequency region and gives all the components in the wave field. The representation used for the source as a force has less restrictions on it than alternative formulations and this simplifies the problem. Visualisations of the complete displacement fields at series of time levels, seismograms at some interesting points, relative surface wave intensity data and spectral analyses are all shown to play an important role in the understanding and analysis of this type of wave-topography interaction. In principle, there is n o difficulty in applying the finite difference method to 3-D problems. However. owing t o the limited size of most computers, most research work still can be expected t o be confined to the 2-D system or those which due t o symmetry enables them t o be investigated in 2-D.
